INTRODUCTION
============

Gap junction (GJ) channels are axially aligned hexamers of connexin proteins that interconnect the cytoplasm of adjacent cells. The multiple connexin isoforms (21 in humans) are expressed in specific and overlapping cell populations. GJ channels are clustered into discoid GJ plaques, which together with specific protein binding partners for each connexin form the supramolecular gap junction nexus ([@B49]).

Although GJ plaques have generally been regarded as stable and homogeneous two-dimensional protein arrays, recent studies have revealed that the arrangement of certain types of GJ channels within the plaque is heterogeneous and depends on posttranslational modifications ([@B6]). For example, connexin 43 (Cx43) GJs are formed by accretion of newly synthesized channels at the periphery of the plaque, whereas older protein is retrieved from the plaque interior ([@B14]; [@B25]; [@B11]). In addition, Cx43 that is phosphorylated on specific amino acid residues in its carboxy terminus (CT) has been shown to be localized to subdomains within Cx43 GJ plaques ([@B40]). The arrangement of GJ channels within the plaque structure is expected to influence both junctional and nonchannel functions of GJs ([@B11]; [@B48]; [@B3]; [@B33]; [@B40]; [@B1]; [@B9]; [@B47]).

A stable arrangement of Cx43 is a prerequisite for the ordered arrangement of channels within the plaque, and such stability has been demonstrated for certain connexins by photobleaching, photoconversion, and pulse-chase labelling strategies ([@B25]; [@B42]; [@B2]). We showed previously that Cx43 forms GJ plaques with substantially higher stability than GJs made up of connexin 26 (Cx26) and connexin 30 (Cx30) ([@B43]). Moreover, through mutagenesis to remove most of the CT (truncation at amino acid 258), we found that the CT of Cx43 is required for GJ plaque stability ([@B43]). Interestingly, mice carrying this truncated Cx43 sequence have many defects in development and in mature function of several tissues ([@B27], [@B28]; [@B5]; [@B26]; [@B24]). Human mutations producing truncation of Cx43 at or before cysteine 260 have been identified in cases of the disease occulodentodigital dysplasia (ODDD) ([@B34]; [@B17]). These frameshift mutations cause nonsense run-on sequences before reaching a stop codon, and it is unknown which of the myriad symptoms are caused by lack of gap junction communication or the elimination of the Cx43 CT, as recently reviewed ([@B23]). However, because truncation of Cx43 at amino acid 258 also removes most sites of posttranslational modification and protein-protein interaction, the mechanism by which the Cx43 CT anchors the position of GJ channels within the plaque has not been identified. Here we report results of studies in which site directed mutagenesis was used to identify the specific residues that provide an anchoring domain in connexins 32 and 43 to stabilize the position of the channels within the gap junction plaque structure. Consistent with the finding that cytoplasmic cysteine residues are required for stability, treatment with a reducing agent increases mobility of gap junction channels within the gap junction nexus.

RESULTS AND DISCUSSION
======================

To identify the amino acid residues within the Cx43 CT required for stable GJ plaques, we performed serial truncation experiments using super folder GFP-tagged Cx43 (sfGFP-Cx43) with stop codons inserted at locations at and distal to amino acid 258 in the CT (Supplemental Figure S1) and expressed the tagged Cx43 in two cell lines. Fluorescence recovery after photobleaching (FRAP) was used to test the stability of the arrangement of GJ channels within the GJ plaque structure. This use of FRAP to test the stability of the arrangement of channels within GJ plaques is substantially different from the common use of FRAP and also should not be confused with FRAP used to measure strength of GJ channel-mediated coupling, as previously described ([@B43]; [@B44]). Applying FRAP methodology to Cx43 serially truncated at its CT, we identified amino acids between 258 and 262 as sufficient for GJ stability ([Figure 1, A--C](#F1){ref-type="fig"}). Addition of an amino acid sequence overlapping this region of the Cx43 CT *stabilized* Cx26 GJs that are normally *fluidly* arranged structures (a chimera of Cx26 and Cx43 CT amino acids 241--272, Cx26CT43; [Figure 1, D--F](#F1){ref-type="fig"}). Sectional deletion experiments revealed that deletion of the Cx43 CT segment 241--260 did not alter stability of Cx43 within the plaque (Supplemental Figure S4F). This indicates that other residues between amino acids 261 and the CT (terminal amino acid 382) can act redundantly to stabilize Cx43 GJ plaques.

![The Cx43 cytoplasmic CT is necessary and sufficient to stabilize the arrangement of channels within the GJ plaque. (A) Volume reconstruction images from selected time points (as indicated above each column of images) from a three-dimensional time-lapse FRAP experiment with full-length Cx43 (top row), Cx43t262 (middle row, truncated at amino acid 262), and Cx43t258 (bottom row, truncated at amino acid 258) in HeLa cells (all constructs tagged with sfGFP on the amino terminus of the Cx43). Arrows point to the border between bleached and unbleached regions of the GJ plaque where recovery is most evident in the form of a *blurred* bleach-border in the case of Cx43t258 (lowest row of images) or, in the cases of Cx43 wt and Cx43t262, a lack of recovery evidenced by a *sharp* bleach-border after 60 s (top two rows, right column of three-dimensional image reconstructions). (B) Normalized, scaled recovery curves for Cx43 truncation mutants in HeLa cells, data from single-plane FRAP (two-dimensional time-lapse FRAP) with image interval of 0.5 s. (C) Percentage recovery at 15 s postbleach in HeLa cells (two-dimensional time-lapse FRAP) is significantly higher for sfGFP-Cx43t258 than for sfGFP-Cx43t262, sfGFP-Cx43t268, Cx43t273 and full-length Cx43 (sfGFP-Cx43-WT). Number of GJs tested is same as listed in B. Groups were compared by two-way analysis of variance followed by Tukey's multiple comparisons. (D) Cartoon showing that chimeric connexin Cx26CT43 has an amino terminal sfGFP tag, and the 30 amino acids from Cx43 (residues 241--272) containing the anchoring domain of Cx43 appended to the CT of Cx26. The membranes of the cells in which the connexins are embedded are indicated with light gray shading. (E) Recovery curves for sfGFP-Cx26, and sfGFP-Cx26CT43 in HeLa cells. (F) Percentage recovery at 15 s for wild-type Cx26 is significantly higher than sfGFP-Cx26CT43 by two-tailed Student's unpaired *t* test. A portion of the original image data for msfGFP-Cx43, and sfGFP-Cx43t258 was sourced from the data used for the [@B43] study and reanalyzed with additional new data for those groups. Error bars in all histograms and graphs are SEM.](2757fig1){#F1}

Considering these results in conjunction with the sequences of the CT of connexins that form highly fluid GJ plaque structures (Cx26, Cx30 \[ [@B43]\], and Cx36 \[ [@B46]\]), we noticed that Cx43 differs from each of these connexins by having cytoplasmic cysteine residues within its CT. We found that a mutant form of Cx43 truncated at amino acid 268 (Cx43t268 which forms stably arranged gap junctions; [Figure 1, B and C](#F1){ref-type="fig"}) but with an additional mutation of cysteine 260 to alanine (Cx43t268,C260A) is more mobile within GJ plaques than Cx43t268 with cysteine 260 intact ([Figure 2, A and B](#F2){ref-type="fig"}). To test whether cysteine 260 and the other two cytoplasmic cysteine residues in the Cx43 CT act as the residues that anchor Cx43, we generated a full-length mutant form of Cx43 with all three cysteine residues in the CT mutated to alanine (Cx43C260,271,289A; referred to here as Cx43cyslCT). This construct formed fluidly arranged GJ plaques ([Figure 2](#F2){ref-type="fig"} and Supplemental Video S1). We found that varying bleach-laser intensity and bleaching time by several fold did not affect mobility of wild-type Cx43 (Supplemental Figure S3) or Cx43cyslCT (data not shown), ruling out photobleach-induced heating/oxidation of the Cx43 CT as the cause of GJ plaque stability established by the CT cysteine residues. Also, we note that in Supplemental Video S1, the morphological changes in the sfGFP-Cx43 (WT) are slower compared with the rapid morphology changes that can be seen for the sfGFP-Cx43cyslCT gap junction, even in areas of the plaque distal to the bleach region. These results indicate that photobleaching is not the cause of stability in gap junctions made up of wild-type Cx43. The stable plaque (sfGFP-Cx43 WT) does undergo some movement and shape change, however. This malleability (shown previously by others \[ [@B25]\]) of stably arranged gap junctions implies that weak but highly abundant and frequent interactions between neighboring gap junctions stabilize the gap junction nexus structure. To monitor the impact of the untagged connexin on the mobility of the normally highly mobile Cx43t258-msfGFP, we used a strategy similar to one described previously in which a connexin truncation mutant (Cx43t258-msfGFP, which was shown to be very fluid in GJ plaques \[ [@B43]\]) was expressed in one set of cells and an untagged connexin was expressed in another set. The two groups of cells are replated together (posttransfection) to generate heterotypic GJs (see Supplemental Figure S2). These studies revealed that untagged wild-type Cx43 effectively immobilized Cx43t258-msfGFP, whereas untagged Cx43cyslCT did not inhibit Cx43t258-msfGFP mobility ([Figure 2, D--F](#F2){ref-type="fig"}, and Supplemental Figure S4B), indicating that untagged Cx43cyslCT forms fluidly arranged GJ channels. We note that unlike the forms of Cx43 with an amino-terminal fluorescent protein tag used elsewhere in this study, the channels examined for [Figure 2E](#F2){ref-type="fig"} and Supplemental Figure S4B are functional since the apposing side of the gap junction plaques is made up of Cx43t258 with a carboxy-terminal tag (Cx43t258-msfGFP, shown to form very fluid GJ plaques \[ [@B43]\]). We suggest that sfGFP-Cx43cyslCT and variations of this construct will be useful for testing the effect of connexin mobility on the mobility of other GJ nexus components (allowing live visualization of plaque location) while the untagged form of Cx43cyslCT will be more useful for testing effects of GJ plaque arrangement stability on intercellular signaling.

![Cysteine residues within the CT of Cx43 stabilize GJ plaques. (A) Volume reconstruction images from selected time points (indicated above columns) from a three-dimensional time-lapse FRAP experiment with full-length Cx43t268 (top row), Cx43C260A,t268 (middle row), and Cx43cyslCT (bottom row) in HeLa cells (all constructs tagged with sfGFP on the Cx43 amino-terminus). The location of the border of the bleached region of the plaques is indicated by arrows. Similar results were obtained in Neuro2A (N2A) cells as shown in Supplemental Video S1. (B) FRAP recovery for sfGFP-Cx43t268 and sfGFP-Cx43C260A,t268 in two-dimensional time-lapse experiments in HeLa cells 15 s after photobleaching. (C) Recovery at 15 s for wild-type Cx43 and Cx43cyslCT (with all cysteine residues in the CT mutated to alanine) using two-dimensional time-lapse FRAP in HeLa cells. (D) Untagged Cx43cyslCT overexpression produces functional GJ channels as shown by dual whole-cell voltage clamp with voltage ramps leading to GJ current flow from the upper cell to the lower cell in N2A cells. Voltage dependence characteristic for Cx43 is evidenced by the decreased junctional current at higher junctional voltages. Multiple superimposed sweeps were obtained during exposure to 2 mM heptanol, resulting in progressively decreasing junctional currents. (E) Cartoon illustration of the two types of heterotypically tagged GJ channels tested in F. (F) Percentage FRAP at 15 s for the types of Cx43t258-msfGFP and untagged Cx43 versus untagged Cx43cyslCT illustrated in E. Groups compared by Student's *t* test (two-tailed). A portion of the original image data for msfGFP-Cx43 and a portion of "Type 2 heterotypic GJs" in F were sourced from data used for the [@B43] study and reanalyzed for this study.](2757fig2){#F2}

Cx32 has two cysteine residues near the end of the cytoplasmic CT (C280, C283). We found that wild-type Cx32 forms stably arranged GJ plaques, whereas Cx32 with both cysteine residues in the CT mutated to alanine (Cx32cyslCT) formed highly fluid GJ plaques ([Figure 3](#F3){ref-type="fig"}). Cx30 forms very fluidly arranged gap junctions ([@B43]). Cx30 connexons can dock with Cx32 connexons to form heterotypic gap junction plaques and these structures have been observed through immunogold electron microscopy to connect astrocytes (Cx30) with oligodendrocytes (Cx32) ([@B35]; [@B31]). We generated EBFP2-Cx30::sfGFP-Cx32 heterotypic gap junctions by transfecting separate populations of Neuro2A cells and then replating them together allowing heterotypic gap junction plaque formation. We performed FRAP experiments and measured recovery in the blue channel and found that EBFP2-Cx30 docked to wild-type Cx32 formed more stably arranged gap junction plaques than EBFP2-Cx30 docked to Cx32cyslCT ([Figure 3C](#F3){ref-type="fig"}). This indicates that cysteine residues in the cytoplasmic portion of Cx32 expressed in one cell can dictate the mobility of a normally fluidly arranged connexin (Cx30) at a heterotypic gap junction plaque.

![Cysteine residues in the CT of Cx32 restrict its mobility. (A) Three-dimensional time-lapse FRAP images of GFP tagged Cx32 and Cx32cyslCT in HeLa cells. The location of the border of the bleached region of the plaques is indicated by arrows; this border is not visible in the image of the msfGFP-Cx32cyslCT plaques 60 s postbleach because the unbleached protein has moved into the bleached region. (B) Percentage recovery of normalized fluorescence into the bleach region at 15 s for Cx32 and Cx32cyslessCT in HeLa cells using two-dimensional time-lapse FRAP. (C) The mobility of EBFP2-Cx30 (BCx30) is significantly reduced when it forms heterotypic GJ plaques with Cx32 compared with when it forms heterotypic gap junction plaques with Cx32cyslCT, as indicated by reduced recovery at 15 s for EBFP2-Cx30 at heterotypic plaques. N2A cells were used for experiments for C. Groups compared by Student's *t* test (two-tailed).](2757fig3){#F3}

The additional cysteine residues present in the extracellular loops are defining features of connexins and have been long known to be critical for GJ channel formation and docking ([@B7]; [@B12]) and to regulate unpaired hemichannel function ([@B36]). However, the cysteines we found to be critical for GJ plaque organization stability are localized to the cytoplasm and therefore tested for an effect of the cell permeable reducing agent dithiothreitrol (DTT; 10 mM for ≥6 h). We observed a significant decrease in stability when cells expressing the normally stable gap junction proteins Cx43 and Cx32 were exposed to these high amounts of DTT as shown in [Figure 4](#F4){ref-type="fig"}. This implicates one of the many types of redox-dependent posttranslational modifications that can occur on cytoplasmic-localized cysteine residues. However, we did not detect an effect on stability for inhibitors of some modifications known to occur on cytoplasmic cysteine residues using the FRAP technique (Supplemental Figure S4G). We also note that there was a trend but no significant effect of DTT treatment in N2A cells expressing sfGFP-Cx43 (Supplemental Figure S4D), perhaps due to increased sensitivity of N2A cells to long-term treatment with high concentrations of DTT.

![Cellular redox balance controls channel arrangement within GJ plaques. (A) Three-dimensional time-lapse FRAP images of HeLa cells expressing msfGFP-Cx43 (untreated controls, top row), and three-dimensional time-lapse FRAP images of HeLa cells expressing msfGFP-Cx43, treated with 10 mM DTT for 6 h (bottom row). The location of the border of the bleached region of the plaques is indicated by arrows. (B) Percentage recovery of normalized fluorescence into the bleach region at 15 s for msfGFP-Cx43 in HeLa cells using two-dimensional time-lapse FRAP with and without 6-h treatment with 10 mM DTT. (C) Percentage recovery of normalized fluorescence into the bleach region at 15s for msfGFP-Cx32 with and without 6-h treatment with 10 mM DTT. Data for Cx43 and Cx32 are compared separately because there was a significant difference between sfGFP-Cx43 and sfGFP-Cx32 GJ length (Cx32 17.68 ± 2.926 µm vs. Cx43 11.85 ± 0.9938 µm, *p* = 0.0375). Data for untreated controls are sourced from previous figures of this report. Groups in B and C compared by Student's *t* test (two-tailed).](2757fig4){#F4}

Cx43CyslessCT with alanine substitution retains channel function ([Figure 2D](#F2){ref-type="fig"}). This is the first report showing that stability of the gap junction nexus can be altered through mutation without removing binding domains from the Cx43 CT and will allow testing for tissue level effects of nexus stability in vivo with particular attention to tissues in which connexin subdomains have functional significance such as neuro-gliovascular system, cardiovascular system, bone and cartilage development, tumor growth/metastasis, and skin-wound healing. The CT of Cx43 or Cx32 has been shown to be important in these tissues ([@B15]; [@B13]; [@B18]; [@B22]). The cysteine residues of the CT of Cx43 (and some residues on either side of the cysteines) are conserved among rat and human sequences. We used the sequences for rat Cx43 (and Cx26) and human Cx32 in this study to show that this phenomenon is generalizable across connexin types and species. The GJ plaques we examined are very large but GJs within the range we tested in vitro have been found in vivo ([@B29]; [@B32]). We found that GJ plaque stability characteristics were consistent across the entire area of the GJ plaques: Wild-type Cx43 and C32 GJ plaques are stably arranged from center to edge (as seen in [Figures 1](#F1){ref-type="fig"} -- [3](#F3){ref-type="fig"}, top rows of images). Since GJ plaque stability is modifiable and is only present in some connexins (Cx43 and Cx32) but not others (Cx26, Cx30, and Cx36) that are coexpressed in some tissues, we expect in vivo GJ plaque stability to vary according to tissue type and physiological condition. The stability characteristics of GJs in vivo will be an important area for future research, which will be facilitated by the basic principles established in this report.

Our results will be important for understanding microstructure of tissues where Cx32 and Cx43 are expressed (e.g., skin, vasculature, heart, liver, kidney, and brain). Recent reports indicate that phosphorylation modifications and connexin binding interactions are localized to subregions of gap junction plaques with both light and electron microscopy ([@B45]; [@B41]; [@B16]; [@B6]; [@B10]; [@B40]; [@B30]). However, if gap junction plaques are fluidly arranged as they are for Cx26, Cx30, and Cx36, and, as we show in this report for Cx32cyslCT and Cx43cyslCT (and Cx43 and Cx32 under reducing conditions in Hela cells), then such organization would not be possible since phosphorylation-modified GJ channels would disperse throughout the GJ plaque. The ability to experimentally alter the stability of the nexus profoundly through selective mutation of cysteine residues that we demonstrated in this report---without eliminating other residues critical for protein-protein interactions and channel function---will be essential to test how nexus structure affects tissue function in intact animal models. The new way to control GJ plaque organization (cysteine mutagenesis) with fluorescent protein-tagged and untagged connexins that we describe in this report will be valuable for studies on channel *and* non-channel-mediated effects of GJ plaques. Given the location of the cysteine residues within the CT of connexins, the findings we report here should be carefully considered in planning and evaluation of connexin tagging approaches and in validation of results from studies on the GJ nexus.

MATERIALS AND METHODS
=====================

Plasmids and subcloning
-----------------------

Fluorescent protein tag location and connexin mutants used in this study are illustrated in Supplemental Figure S1 for clarity; see the Supplemental Material for details on mutagenesis, subcloning strategies, and primer sequences. Connexins with amino-terminal tags form gap junctions (plaques) but do not form functional gap junction channels, while connexins tagged with a carboxy-terminal tags form functional GJ channels but with markedly altered channel gating and interactions with binding partners ([@B4]; [@B21], [@B20]). Therefore most of the gap junctions we examined in this study are channel nonfunctional, but it is important to note that we validate the main finding of the study in [Figure 2, D--F](#F2){ref-type="fig"}, by comparing mobility of untagged connexins Cx43 and Cx43cyslCT, which do form functional channels. To achieve this, we used channel-functional Cx43t258-msfGFP expressed in adjacent cells as a proxy for the mobility of the untagged, full-length Cx43 that makes up the other half of the gap junction ([Figure 2](#F2){ref-type="fig"}, E and F, and Supplemental Figures S2 and S4B). The msfGFP-Cx43, Cx43K258stop-msfGFP, sfGFP-Cx26, sfGFP-Cx43K258stop, and EBFP2-Cx30 plasmids were described previously ([@B43]). Untagged Cx43 and Cx43cyslCT expression was achieved by transfection of the following plasmids: pLv-eEF1α-Cx43_CMV-mCherry, and pLv-eEF1α-Cx43cyslCT_CMV-mCherry, which were produced by the plasmid construction service of VectorBuilder (Cyagen Biosciences). sfGFP-Cx43cyslCT and msfGFP-Cx32cyslCT were produced by mutagenesis and/or gene synthesis by the plasmid construction service of GenScript. sfGFP-Cx43t262, sfGFP-Cx43t268, and sfGFP-Cx43t273 were produced by using PCR amplification and subcloning with primers designed to insert a stop codon and truncate the Cx43 encoding sequence at the specified amino acid (detailed description in the Supplemental Material).

The sfGFP-Cx43d20AA is rat Cx43 with 20 amino acids resected (residues 241--260). The untagged Cx43d20AA (a.k.a. Cx43D250) sequence was a kind gift from Steven Taffet (SUNY Upstate Medical University, Syracuse, NY) and Mario Delmar (New York University School of Medicine, New York, NY) ([@B19]). The Cx43 encoding sequence with the sectional deletion was inserted in-frame after superfolderGFP as described previously for full-length sfGFP-Cx43 ([@B43]). The sfGFP-Cx26CT43 plasmid contains the full-length rat Cx26 sequence with sequences encoding an amino-terminal sfGFP-tag linked in-frame to the start of Cx26 by the same eight-amino-acid linker as the control sfGFP-Cx26 and with the sequence for rat Cx43 CT amino acid section from Cx43 residue K241 through S272 fused by a linker between the CT of Cx26 and the section of the Cx43 CT. Resulting plasmids were verified by sequencing. The cysteine residues in the cytoplasmic carboxy termini of Cx43 and Cx32 are conserved in mice, rats, and humans. We used plasmids to overexpress connexins from rats and humans (Cx43 and Cx32, respectively) in human and mouse cells (HeLa and N2A cells, respectively) to show that the effect of cytoplasmic cysteine residues on GJ plaque stability is a conserved characteristic of the connexin that makes up the GJ, independent of species origin and cell type in which they are expressed.

Cell culture and transfection
-----------------------------

A transfection and multi-color fluorescent protein expression schematic is shown in Supplemental Figures S1 and S2 for clarity and described in additional detail in the Supplemental Material. Neuro2a (N2A, ATCC CCL-131) and HeLa cells were maintained in DMEM (glucose 4.5 g/l) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin. For FRAP experiments N2A and HeLa cells were plated into eight-well imaging chambers, and each well was transfected with 0.5 μg of each plasmid to drive expression of connexin-fluorescent protein fusions 24--72 h prior to imaging. Optifect (Life Technologies) was used according to the manufacturer's instructions. Optimem medium was replaced with the standard growth media for HeLa and N2A cells 6--16 h after transfection. Cells were incubated in growth media \>4 h after transfection and then transferred to buffered imaging media consisting of DMEM (without phenol-red) supplemented with 10% FBS, 25 mM HEPES, and 2 mM glutamine for image acquisition. HeLa and N2A cells were never cultured together for any experiments in this work. All data presented in the main figures are from HeLa cells with the exception of [Figures 2D](#F2){ref-type="fig"} and [3C](#F3){ref-type="fig"}, for which N2A cells were used. Cysteine residues in the carboxy terminus of sfGFP-Cx43 and sfGFP-Cx32 as well as untagged Cx43 control plaque stability in N2A cells (Supplemental Figure S4, A--C). The significant fluidizing effect of DTT on Cx43 GJ plaque stability was not observed, although a trend toward increased fluidity was present (Supplemental Figure S4D).

Electrophysiology
-----------------

Dual whole-cell voltage clamp with voltage ramps in one cell of transfected pairs of N2A cells expressing untagged Cx43cyslCT was performed as previously described ([@B8]) and as detailed in the Supplemental Material.

Two-dimensional. time-lapse FRAP
--------------------------------

Two-dimensional time-lapse imaging was conducted as described previously ([@B43]; [@B44]). Cells were maintained at 37°C on the stage of a Zeiss LSM 510 Live with Duo module and imaged with a 63× NA = 1.4 oil immersion objective. The detector consists of dual 512-pixel linear arrays of charge-­coupled device camera--type pixels with a slit pinhole that was set to a width of 14 µm for FRAP experiments. Zen 2009 was used to control the confocal microscope and acquire images. GJs aligned in a nearly perpendicular plane with respect to the growth substrate were chosen for two-dimensional time-lapse FRAP. A 10-pixel (2-μm-wide) stripe bleach region was set to bleach a horizontal stripe across each GJ plaque. Bleach settings were 100% laser transmission at a scan speed of 5 with three bleach iterations. Lower bleach laser power and single bleach iterations were tested to evaluate FRAP under conditions of greatly reduced photobleaching as shown in Supplemental Figure S3.

Three-dimesional. time-lapse FRAP
---------------------------------

Cells were maintained at 37°C on the stage of a Zeiss LSM 510 Live with Duo setup as described above for two-dimensional time-lapse FRAP. GJs aligned in a parallel plane with respect to the growth substrate were used for three-dimensional time-lapse FRAP. The center focal plane of an 11-image Z-stack was set at the z-plane level of the GJ plaque to be tested. The Z-stack step size was set to 0.5 μm. Time interval was set to 3 s. A 10-pixel (2-μm-wide) stripe bleach region was set to bleach a horizontal stripe across each GJ plaque. Bleach settings were 100% laser transmission at a scan speed of 5 with three bleach iterations. Images are cropped and scaled, with the same scaling settings applied to images within each time series but differing slightly between experiments. Three-dimensional reconstructions of the resulting time-lapse FRAP images were performed in Zen 2 software with the maximum reconstruction function. Results from three-dimensional time-lapse FRAP were consistent with the standard two-dimensional time-lapse FRAP experimentation for all of this study, but since the photobleaching event eliminates a different amount of the fluorescent pool available for recovery and the distribution of bleached protein is markedly different than that created in two-dimensional FRAP, the standard two-dimensional time-lapse FRAP was used for quantification while three-dimensional-reconstructed images from three-dimensional FRAP experiments are shown at selected time points that best reveal the additional information provided by three-dimensional FRAP experimentation (e.g., that stability characteristics are consistent from the center to the edge of the GJ plaque structure).

Tagged::untagged FRAP
---------------------

For FRAP to assess mobility of connexins without a covalent fluorescent protein tag---and as functional GJ channels---we applied FRAP analysis to a connexin isoform to be tested (Cx43 or Cx43cyslCT) bound as a hemichannel to a hemichannel formed of a connexin with established mobility (Cx43t258-msfGFP) as described previously ([@B43]). Cells were transfected separately, washed twice, and then replated into iBidi eight-well imaging dishes. Fluorescence was used to identify heterotypically tagged GJ plaques, and FRAP experiments were performed in a similar manner as elsewhere in this study. See Supplemental Figure S2 and the Supplemental Material for explanation.

FRAP data analysis
------------------

FRAP analysis was performed as previously described ([@B43]; [@B44]) using ImageJ software ([@B38]) (FIJI package \[ [@B37]\]). FRAP experiments were excluded from analysis in cases where the GJ plaque moved outside of the regions of interest (ROIs) used to extract fluorescence data before the 15-s postbleach time point since monitoring whole plaque movement was not the goal of these experiments. We chose the 15-s postbleach time point as the best to balance the need to allow time for potential fluorescence recovery while minimizing confounding phenomena that are particularly problematic for FRAP experimentation on GJ plaques such as movement/drift of the whole GJ plaque within the cell and differences in the pool of fluorescent protein available for recovery (the effects of which are minimized at earlier time points). The ROI tool of ImageJ was used to extract average fluorescence within three ROIs: 1) the bleach region, 2) for the entire GJ plaque to be bleached (fluorescence pool available for recovery \[Fp\]), and 3) a portion of the background in a location with no GFP expression. Background was subtracted and the percentage recovery within the bleach region ROI was scaled by a correction factor determined by the Fp. The correction factor corrects for loss of fluorescent pool available for recovery during photobleach and for acquisition-bleach of the pool of fluorescent protein within the confocal imaging plane. The resulting fractional recovery was transformed to percentage recovery and then normalized to 100% prebleach and 0% for the initial postbleach time point to normalize for incomplete bleaching within the bleach ROI as previously described ([@B39]); see the Supplemental Material. The scaled and normalized data points at 15 s after the bleach time point were used in comparison of percentage recovery at 15 s. Statistical comparisons of percentage recovery at selected time points were performed as described in the figure legends for the graphs for each comparison using Graphpad Prism 7 software.

Supplementary Material
======================

###### Supplemental Materials
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CT

:   carboxy terminus

Cx

:   connexin

Cx26

:   connexin 26

Cx26CT43

:   rat Cx26 with a 30-amino-acid sequence from the CT of connexin 43 appended to the carboxyl-terminus of Cx26

Cx30

:   connexin 30

Cx32

:   connexin 32

Cx32cyslCT

:   human Cx32 with cysteine residues 280 and 283 mutated to alanine

Cx43

:   connexin 43

Cx43d20AA

:   rat Cx43 with 20 amino acid residues 241--260 resected

Cx43cyslCT

:   rat Cx43 with cysteine residues 260, 271 and 298 mutated to alanine

EBFP2

:   enhanced blue fluorescent protein 2

FRAP

:   fluorescence recovery after photobleaching

GFP

:   green fluorescent protein

GFP-Cx43t*XXX*

:   rat Cx43 tagged with GFP on the amino-terminus truncated at the indicated amino acid; that is, rat Cx43 tagged with GFP on the amino-terminus truncated at the indicated amino acid (i.e., GFP-Cx43t258 is truncated by mutagenesis of Lys-258 to a stop codon)

GJ

:   gap junction

HEPES

:   4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

msfGFP

:   monomerized superfolder GFP

ODDD

:   occulodentodigital dysplasia

ROI

:   region of interest

RT

:   room temperature

sfGFP

:   nonmonomerized superfolder GFP
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